A 40-fold purification of adenosine diphosphoglucose pyrophosphorylase from sweet corn (Zea mays var. Golden Beauty) revealed the enzyme to be specific for adenosine triphosphate.
The role of nucleotide diphosphoglucose pyrophosphorylases in starch biosynthesis has been studied intensively in photosynthetic and nonphotosynthetic tissues (4, 6, 8, 15, 17) . Two sugar nucleotides, ADP-glucose and UDP-glucose, appear to play the greatest role in starch biosynthesis. The It has been reported that ADP-glucose is a more active glucosyl donor than UDP-glucose (10, 15 (3, 4, 12, 13, 17) . ADP-glucose was isolated from sweet corn (16) , and the enzyme which synthesizes ADP-glucose in sweet corn was purified and studied by Espada (6) . Amir et al. (2) The flow rate from the column was adjusted to 18 ml per hr. The pyrophosphorylase activity was assayed in 10-ml fractions of the eluate, and the active enzyme fraction was poured onto a DEAE-cellulose column (3.0 X 8.0 cm) previously equilibrated with solution B. The enzyme was eluted with a 600-ml linear gradient of tris-HCl buffer, pH 7.4, from 0.005 to 0.2 M containing solution B. The flow rate of the column was adjusted to 2 ml per min, and fractions of 5 ml were collected and tested for pyrophosphorylase activity. The active enzyme fractions eluted from the column were precipitated with solid ammonium sulfate to give 60% saturation, and the pellet was stored at -20 C.
Assay of ADP-Glucose Pyrophosphorylase. glucose-l-P-14C, 0.2 (0.5 1uc); and enzyme in a total volume of 0.2 ml. After 10 min at 37 C, the reaction was stopped by adding 2 ml of boiling water containing 50 mm glucose-i-P. The ADP-glucose-'4C was adsorbed on a 15-mg pad of charcoal Norit A filtered onto glass fiber filters (Whatman GF/A 2.1 cm). The charcoal filters were washed three times with 10 ml of cold water, dried, placed in vials of scintillation fluid, and radioactivity was determined in a scintillation counter. Controls for checking the adsorption and counting efficiencies were run with all the assays. The reaction mixture (ATP synthesis, backward reaction) contained the following in t,moles: HEPES buffer, pH 7.4, 25; MgCJ2, 1.25; 3-PGA, 2.5; ADP-glucose, 0.4; 32PPi, 0.5 (1.0 ,uc); bovine serum albumin, 50 jug, and enzyme in a total volume of 0.25 ml. After 10 min at 37 C, the reaction was stopped by adding 3 ml of cold 5% trichloroacetic acid containing 20 mM PPi. The ATP-3P formed was adsorbed onto a pad of charcoal Norit A and filtered onto glass fiber disks (Whatman GF/A 2.1 cm), and then the ifiters were washed with 15 ml of 5% trichloroacetic acid followed by 10 ml of cold water (3). Fructose-6-P 7.9 Glucose-6-P (Table I) . However, the purified enzyme UDP-glucose a lesser extent. The other anions (C[-, NO3-, and F-) had no inhibitory effect on enzyme activity at a concentration of 5 mM, but inhibited the reaction by 35 to 45% at 10 mm. It has previously been shown (13) that 3-PGA greatly enhanced ADP-glucose pyrophosphorylase activity. In order to study enzyme activation, the optimum Mg`+ concentrations were determined with and without 3-PGA, and the forward reaction was determined at various concentrations of ATP (Fig. 2 ).
Under all conditions tested, the optimum Mg2+ concentration Activation of the Enzyme. The stimulatory effect of different compounds on ADP-glucose pyrophosphorylase is shown in Table III . Fructose-6-P, glucose-6-P, ribose-5-P, and 3-PGA enhanced ADP-glucose pyrophosphorylase activity by 1.2-, 1.4-, 2.5-, and 2.0-fold, respectively. The other compounds (AMP, ADP, PEP, UDP-glucose, and pyruvate) tested inhibited the enzyme activity. Because of the maximum stimulation by 3-PGA, this compound was routinely added to the reaction mixture for the remainder of the work.
Nucleotide Specificity. The purified enzyme has a quite specific requirement for ATP; the activities with either UTP, TTP, GTP, dATP, and CTP were 1.9, 1.5, 1.1, 0.7, and 0.9%, respectively, of the activity in the presence of ATP. In order to obtain preparations with complete specificity for ATP, only one-third of the peak of ADP-glucose pyrophosphorylase activity eluted from DEAE-cellulose columns was used. The other portion of the peak, in addition to ADP-glucose pyrophosphorylase activity, was contaminated with UDP-glucose pyrophosphorylase activity.
Properties of the Enzyme. The pH optimum for the enzyme employing tris-HCl and HEPES buffer is shown in Figure 3 . For tris-HCl, the pH optimum for enzyme activity was between 7.0 and 7.5, while the pH optimum for HEPES ranged from 7.0 to 8.0. Figures 4 and 5 show the saturation curve and the Lineweaver-Burk plots for the four substrates of the forward and backward reaction catalyzed by ADP-glucose pyrophosphorylase. The Km for ATP, glucose-1-P, ADP-glucose, and PPi were 3.3 X 10-, 1.9 X 10-4, 6.2 X 10-4, and 3.0 X 10-5 M, respectively. In each reaction, 3-PGA (10 mM) increased the Vmaz and lowered the Km. Pyrophosphate Inhibition. It had been shown (3, 13) that Pi inhibits ADP-glucose pyrophosphorylase activity from several sources, including corn endosperm. The results presented in Table II and Figure 6 show that Pi inhibits the sweet corn enzyme noncompetitively, similar to that previously reported. The data obtained indicate, however, that other anions had a similar effect, especially SO4-and NO3-at 10 mm (Table II) .
Since pyrophosphate is a product of ADP-glucose synthesis, it is expected that PPi would be a more potent inhibitor than orthophosphate.
The results presented in Figures 6 and 7 show that PPi strongly inhibits ADP-glucose synthesis competitively, as indicated by a Ki of 0.38 reM. Since the PPi inhibition may also involve Mg2`chelation, we tested the effect of methylene diphosphonic acid, an analogue of PPi, on enzyme activity. It is to be noted that the analogue forms a complex with Mg2+ but has no effect on the enzyme (Table IV) . Furthermore, increasing the Mg2+ concentration in the presence of PPi apparently has no effect on reversing the inhibition (1) . As already demonstrated, 1 mm PPi blocks the production of ADP-glucose from ATP and glucose-i-P. In such an instance it seemed possible that the high level of PPi might shift the equilibrium toward ATP and glucose-i-P synthesis. The equilibrium constant measured in the forward reaction was 0.3, as compared to a value of 0.32 for the value obtained with R. rubrumn enzyme (11) . This value indicates that the equilibrium is in favor of ATP and glucose-l-P synthesis, the backward reaction. To investigate this possibility, ADP-glucose and PPi were added singly and in combination at various times in the reaction (Fig.  7) . Again the data show that PPi blocks ADP-glucose synthesis whether added at 0 time or 7.5 min after initiating the reaction. The same concentration of ADP-glucose as PPi had no effect on the synthesis of ADP-glucose. When used simultaneously with PPi at 0 time, the reaction is inhibited by the mixture to the same degree as by PPi alone. DISCUSSION ADP-glucose pyrophosphorylase has been isolated from sweet corn kernels and purified 40-fold; its activity is specific for ATP. The Km for ADP-glucose in this preparation is one twenty-fifth of that previously reported for sweet corn enzyme, while the pH optimum is similar, and the Mg2+ optimum is much lower (6) . The above differences may be caused by an absence of an activator in the previous study. 3-PGA is the best activator of the enzyme, although two other compounds, ribose-5-P and fructose-6-P, are also quite effective, as reported by Dickinson and Preiss (3). 3-PGA increased ADP-glucose pyrophosphorylase activity by 2.5-fold and also increased the apparent affinity for the substrates, ATP, ADP-glucose, glucose-l-P, and PPi. A number of anions inhibit the enzyme activity noncompetitively; among these, Pi at 5 mm inhibits the reaction by 50%, which agrees with the results obtained with starchy corn endosperm (4) . Other anions such as SO,2-and NO:-inhibit the reaction less than Pi at the same concentration.
PPi, a product of the forward reaction, strongly inhibits the conversion of glucose-i-P and ATP to ADP-glucose. Lineweaver-Burk plots show that PPi competitively inhibits ADP-glucose synthesis, and the reaction can be partially reversed by the addition of ATP and, to a lesser extent, by glucose-i-P. The other product of the forward reaction, ADPglucose, does not inhibit the synthesis of ADP-glucose at a concentration below 2 mm. Thus, it appears from these results and the Km values that ADP-glucose pyrophosphorylase has a low affinity for ADP-glucose and glucose-l-P.
A value of 0.3 for the equilibrium constant of ADP-glucose pyrophosphorylase reaction was obtained. This suggests that the reaction equilibrium is in favor of the backward reaction. However, in vivo ADP-glucose and PPi are used immediately as substrates for starch synthetase and pyrophosphatase; therefore, the reaction would continue in the forward direction. According to Kornberg (7) , the pyrophosphatase is very active in many systems and allows the reaction to act in an anabolic direction. However, we have found that treatment of sweet corn ears with PPi prevents the conversion of sucrose to starch during the postharvest period (1, 2), and PPi is a potent inhibitor of ADP-glucose pyrophosphorylase in vitro. It appears that the effect of PPi on the sucrose level in sweet corn after harvest may be due to the inhibition of ADP-glucose synthesis.
